We report on reflection spectra of ceasium atoms in close vicinity of a nanostructured metallic meta-surface. We show that the hyperfine sub-Doppler spectrum of the 6 2 S 1/2 − 6 2 P 3/2 resonance transition at 852 nm is strongly affected by the coupling to the plasmonic resonance of the nanostructure. Fine tuning of dispersion and positions of the atomic lines in the near-field of plasmonic metamaterials could have 1 arXiv:1603.08287v1 [cond-mat.mes-hall]
ples, all manufactured on the same window, are two-dimensional arrays of nano-slits 70 nm wide of varying length from 170 nm to 240 nm to achieve plasmonic resonances from 700 nm to 900 nm (Fig. 3) . The unit cells are squares with sizes from w = 380 nm to 520 nm long, depending on the length of the slit. Individual reflectance spectra of all metamaterial samples on the array, taken with light polarized perpendicular to the slit, are presented on Fig. 4 (a-e). Here dips in the reflectivity spectra coincide with resonant increase of the metamaterial's transmission and absorption.
To study the influence of the nanostructures on the atomic spectra, we use frequency modulation spectroscopy with a single mode diffraction grating-tuneable diode laser with a linewidth of about 100 kHz. In such measurements, the signal, demodulated in phase with the reference signal at 9 MHz, is, at a good approximation, proportional to the derivatives of the reflectance spectra. Reflectance spectra are thus obtained after integration of the signal over frequency (see supporting information for more details). Moreover this signal is about seven orders of magnitude more sensitive to the fast variations of reflectivity at narrow atomic vapour lines than to slow variations due to the dispersion of plasmonic resonances. To provide absolute wavelength calibration of the laser reflectometer, we use a second reference caesium cell interrogated in the hole-burning regime where Doppler-free dips provide accurate frequency reference of the hyperfine absorption lines. In our experiment we are dealing with light reflected from the layer of metamaterial followed by an atomic gas layer. Here the plasmonic/atomic system can be modelled as a pair of coupled classical damped harmonic oscillators. The charge displacements x p and x a of respectively, the plasmonic and the atomic mode, are governed by the following dynamical equations:ẍ
(1)
Where ω is optical laser frequency, m is the effective mass of the charge and E 0 represents the incident electric field amplitude; γ p and ω p are the damping parameter and the frequency of the plasmonic mode and γ a and ω a are the damping parameter and the frequency for the atom.
Here Ω is the coupling constant characterizing the interactions between the lightinduced plasmonic and atomic dipoles. We argue that the coupling may be described by a single constant because of spatial averaging over the ensemble of atoms in the near-field layer of the plasmonic metamaterial. We assume that the incident wave drives the plasmonic mode while excitation of the atoms, located at the opposite side of the nanostructure, occurs via the electromagnetic field transmitted through the metamaterial thanks to the resonant excitation of localized plasmonic fields (see Fig. 1 ).
Equations (1) and (2) of interacting atomic and plasmonic modes describe a typical
Fano-like system of a high and low quality coupled modes. Assuming γ p γ a we find that (see supplementary materials for a complete derivation) the plasmonic susceptibility remains unaffected by coupling whereas the atomic susceptibility becomes:
Compared to χ For |Ω a | γ a dispersion of the atomic response (and thus the atomic contribution to the reflectance spectra) is well approximated by a product of undisturbed atomic and plasmonic responses, as can be seen from the expression for the atomic susceptibility, as follows from the Equation (3):
Since the frequency variations of the atomic spectra are much faster than that of plasmonic spectra, the resulting atomic response is proportional to χ p , which is a complex multiplier constant. This complex multiplier mixes up the real and imaginary parts of the atomic response radically changing the reflectivity spectra without a noticeable shift of the atomic line.
Finally, we found that the atomic linewidth in the presence of metamaterial nanostructure is γ a 20 MHz. This value is much smaller than the Doppler frequency broadening of 200 MHz but it is larger than the natural atomic linewidth of 5.2 MHz. We note that similar linewidth was also seen on the window subtrate (See Fig. 4 ) and therefore the Purcell mechanism of line broadening related to the increased density of state in the localized plasmonic mode can be ruled out, arguably due to weak effective mode confinement. Thus we conclude that the broadening is likely due to the presence of a small residual velocity component along the propagation axis of incidents light of the atoms traveling at the vicinity of the nanostructure.
In conclusion we report new plasmo-atomic metamaterial with Fano sub-Doppler spectra. We provide experimental evidence that hyperfine sub-Doppler spectra of atomic gas are modified in the presence of a nanostructured plasmonic metamaterial which has resonances millions of times broader than atomic lines. We show that strong modification of atomic spectra in the nearfield of metamaterial depends on mutual position of atomic and plasmonic resonances. Our results imply that such highly-sensitive atomic probe can be used for detailed characterization of the evanescent field and the plasmonic dispersion of the nanostructures. For example, one can use an atomic quadrupole transition which is sensitive to the local electric field gradient 31, 32 . Moreover, the ability to tailor the atomic lineshapes may have implications for the nanotechnology-enabled atom-based metrology, sensing, and the development of atom-on-a-chip applications. One way to achieve those tasks would be to laser cool the atoms before transferring them at the vicinity of the metamaterial. Then the field pattern, generated by the metamaterial, could be used as a platform to trap the cold gas 33 . This configuration allows to have greater control on the atoms/metamaterial coupling and should greatly increase the signal-to-noise ratio necessary for metrology and sensing applications. Furthermore, we shall expect that luminescence and nonlinearity of the atomic vapour to be enhanced in the hybrid systems while plasmo-atomic interaction can lead to long-range lattice effects on the trapped atoms for quantum simulations 34 .
Supporting Information Available
Details about the experimental apparatus, samples, the derivation of the reflectance sig- We use an 852 nm grating-tuneable semiconductor diode laser with line width lower than 100 kHz (TOPTICA model DLPro100) as the optical source in the experiment (see Fig. S1 ). The laser has a mode hope-free spectral tuning of 13 GHz which allows scanning of the complete hyperfine structure of the dipole allowed D 2 line as well as the Doppler spectrum. An intensity of I = 2 mW/cm 2 is used for the reflectance measurements of the hybrid metamaterial. This value is below the saturation intensity (I s = 2.7 mW/cm 2 ). We note that no saturation effect has been observed. The unused light intensity is redirected to a spectroscopic reference setup. For reflectance measurements the laser beam is phasemodulated at 9 MHz with an electro-optical modulator before being focused at normal incidence by a 20 cm lens at the surface of the window containing metamaterial films. The reflected signal is extracted with a beam-splitter (10:90) and detected by an avalanche silicon photodetector (HAMAMATSU model C10508). The reflection signal is demodulated and amplified using a lock-in amplifier (Zurich Instruments model HF2LI) while scanning, at S2 low frequency, the optical frequency of the laser across the absorption line. In addition through-transmission of the vapour sample is also continuously measured to monitor the pressure of caesium vapour. To provide absolute optical frequency calibration of the laser reflectometer, we use an extra caesium cell, at room temperature, interrogated in saturated absorption spectroscopy where Doppler-free dips in the probe transmission provides reference to the caesium hyperfine absorption lines. The accuracy of this measurement is better than 100 kHz.
Derivation of the reflectance signal
In a multi-layered system comprising of window substrate, plasmonic metamaterial and atomic layer with respective refractive indexes n, n p and n a , the amplitude reflectance is given by
where r 1 = (n − n p )/(n + n p ) and r 2 = (n p − n a )/(n p + n a ). Since the atomic medium is diluted, the atomic susceptibility χ a 1, thus allowing for the expansion r r| χa=0 + ∂r/∂χ a | χa=0 χ a , where n a 1 + χ a /2. The reflected intensity coefficient can then be presented as:
Where
and
Here R | χa=0 ≡ R is measured independently (see Fig. 3 (a-e) in the letter).
To study the influence of the nanostructures on the atomic spectra we used frequency modulation spectroscopy technics. In such measurements, the intensity of the component of S3 the reflectivity signal that is in-phase with the modulation signal at ω m , takes the following form:
Assuming χ a (ω + ω m ) − χ a (ω − ω m ) 2∂χ a /∂ω m , the reflectance spectrum is extracted as:
The problem reduces now to the determination of the susceptibilities of the atomic vapour χ a and of the metamaterial entering in the expression of the reflectance r.
Two-coupled oscillator model: derivation of the susceptibilities
In the case of the dielectric window substrate with no metamaterial, the calculation is straightforward: The Doppler-free atomic susceptibility reduces to χ and the amplitude reflectance is simply r = (n−n a )/(n+n a ), where ρ is the atomic density, k is the wavevector and γ a is the linewidth of the transition. We note that the expression of the atomic susceptibility corresponds to a bulk system, where surface interaction are not considered S1 . For the complete plasmono-atomic system, we use a two-coupled classical harmonic model to derive the plasmonic and atomic susceptibilities. Our starting point is the set of dynamical equations of the charge displacement for the plasmonic and the atomic mode [see Eqs.
(1) and (2) in the letter]. At the vicinity of the atomic resonance, i.e. ω ω a , assuming
a , the broad plasmonic resonance remains unaffected by the coupling, but not the atomic resonance. Indeed, solutions of Eq. (1) and (2) in the letter are:
x a = x p Ω ω
